The spectrum of tissue culture susceptibility to Venezuelan equine encephalomyelitis virus includes an extensive range of cell hosts obtained from primary tissue culture and from established cell lines (reviewed by Hardy, 1959 ).
The present work describes the kinetics of growth and cytopathology resulting from the interaction of Venezuelan equine encephalomyelitis virus and L cells, as studied in monolayer culture. The cell line which originated from a single cell (Sanford, Earl, and Likely, 1948) proved to be uniformly susceptible to infection by this virus (Hardy and Brown, unpublished data) .
MATERIALS AND METHODS
The virus strain, preparation of virus stock, titration procedure, and preparation of L cell tissue cultures have been described previously (Hardy, 1959) .
Infection of tissue culture. The usual procedure was designed to infect rapidly as many cells as possible by using high multiplicities of infection, so that a one-step or single cycle growth curve might be approached.
After a confluent sheet of L cells had been grown in a T-60 Earle flask, the medium was removed and a high mouse intracerebral median lethal dose (MICLD5o) of virus contained in 1 ml was inoculated so that the input multiplicity of infection was approximately 100 to 400 (about 109-5 MICcLD5o per 107 cells). After a 1-hr contact period at room temperature or at 4 C, the culture was washed three times, 20 ml per wash, with medium no. 199 (Morgan, Morton, and Parker, 1950) , containing 20 per cent horse serum (19980 HoS20) . Twenty ml of fresh medium were then dispensed into the flask, sampled for residual I A preliminary report of this work was given before the Maryland Branch of the Society of American Bacteriologists in 1957 (Bacteriological News, 23, 34, 1957). virus, placed in an incubator at 37 C, and sampled thereafter at selected time intervals. The time that the first sample was taken was designated as zero time.
Staining procedure. The cells on cover slips contained in Leighton tubes were fixed and stained by the May-Grunwald-Giemsa method (Hanks et al., 1955) .
Cell disruption procedures. Either of two methods was employed for disruption of cells. The first consisted of four rapid cycles of freezing and thawing; the second method employed a disintegrator (Mickle disintegrator, H. Mickle, Hampton, Middlesex, England) for 5 min. At least 95 per cent of the cells wvere destroyed by both procedures.
RESULTS
Stability of virus in cell-free media. Before conducting the principal experiments on growth of virus in monolayer culture, it was desirable to determine the relative stability of the virus under various conditions to establish base lines for evaluating the data obtained and plotted as growth curves.
(1) Rate of virus inactivation at 37 C: -A comparison of virus stability at 37 C was made between medium 199 with and without horse serum, and with beef heart infusion broth, the menstruum commonly employed as the diluent for carrying out virus titrations. The above test fluids represented stationary, cell-free virus suspensions held at 37 C. The results of this experament are graphically presented in figure 1. Straight lines have been drawn which fit the data approximately. The results indicated that the virus was less stable in medium 199 than in the same medium containing serum or in broth without serum; inactivation rates in the latter two media were virtually identical.
(2) Effects of pH on virus infectivity: -It was considered important to determine the 20 on November 13, 2017 by guest http://jb.asm.org/ Downloaded from 1961] GROWTH OF VENEZUELAN EQUINE ENCEPHALOMYELITIS VIRUS Figure 1 . Inactivation of Venezuelan equine encephalomyelitis virus in three test fluids at 37 C effect of pH on the activity of Venezuelan equine encephalomyelitis virus since the rate of acid formation was usually high in flasks containing confluent cell sheets. After adjusting the pH of each cell-free virus suspension they were placed in the incubator at 37 C for 6 hr. Each suspension was then titrated in mice. The results shown in figure 2 indicate that the virus was more unstable at the lower pH values.
(3) Effects of storage at -55 C on virus stability:-The effects of storage of tissue culture-grown, Venezuelan equine encephalomyelitis virus at -55 C were studied to be certain that samples could be stored for assay at convenient times without a reduction in titer. The results showed that there was less than a 0.5 log decrease in virus titer after storage for 6 months. The same results were obtained with the chick embryo seed. In addition, no changes in virulence for mice by the intracerebral or intraperitoneal routes could be detected with either seed throughout the study.
Nature initial phase in which new virus multiplication could not be detected, a second phase which was characterized by exponential growth and which culminated in a peak titer of about 109.2 MICLD5o/ ml, and finally, a constant growth phase of continued virus multiplication and release. The conclusion concerning the last phase, i.e., that virus was probably being produced and released for a long time, was reached after comparing the persistence of high titered virus in this phase with the known rate of inactivation at 37 C in cell-free media (figure 1). Thus, without continued release of infectious virus a steady decline (at least 1 log in 12 to 16 hr) would have been evident rather than the constant virus titer which was detected.
(2) Release of virus: -Alternate possibilities concerning the release of mature virus were considered: a) mature virus was formed and stored in the cell until a threshold was reached whereupon the virus appeared in the supernatant as in the case of cultures infected with poliomyelitis virus (Melnick et al., 1957) or b) mature virus was formed and released into the supernatant almost as soon as it was formed which was demonstrated by Rubin, Baluda, and Hotchin (1955) (Hardy, 1959) ; this was tentatively explained as due to the heterogeneity of the virus seed population with respect to cytopathogenic effect inducing efficiency (Hearn, Brown, and Hardy, 1958) .
A description of the appearance of the cytopathogenic effect as related to the kinetics of virus growth was obtained from the following experiment in which a cytopathogenic effect producing dose of virus at a multiplicity of 400 was employed. L cell cultures in replicate Leighton tubes containing cover slips were infected and washed out after adsorption in the usual way. At 12-hr intervals samples of supernatant fluid were removed for titration and the cover slips with the adhering cells were removed and stained along with appropriate controls.2 Microscopic observations were made at both low and high magnification on the cells in the same tubes from which the cover slips were removed. The stained and unstained preparations are shown in figure 5 . The titers obtained were approximately the same as given in figure 3 .
The 12-hr cell culture in which peak virus titers appeared showed no apparent cytopathogenic effect (figure 5a). By the 24th hr (figure 5b) very slight rounding up of cells was observed in the unstained culture. In the stained preparations, it was noted that some of the dark blue cytoplasm had become less intensely stained. This was accompanied by a parallel decrease in the staining intensity of the nuclear membrane. By the 36th hr (figure 5c) the unstained culture began to show more rounded and granular forms and some cellular debris. The stained preparations showed that the cytoplasm was much lighter in intensity. In other cells parts of the nuclear membranes could not be observed at all.
By the 48th hr (figure 5d) the unstained culture showed an increasing number of round forms and much cellular debris. In the stained preparations cytoplasmic vacuolation, occasional intense 2 No effect was observed in cultures inoculated with a) uninfected chick embryo material prepared in the same way as the virus seed and b) immune serum-virus mixtures. Normal serum-virus mixtures produced the same effect as virus alone.
nuclear pycnosis (not shown in photographs), and loss of a distinguishable nuclear membrane were observed.
By comparing the growth curve (figure 3) with the progressive development of the cytopathogenic effect as observed in the stained and unstained cell preparation it may be concluded that a) the cytopathogenic effect induced in L cells did not begin until about 12 hr after peak virus titer was reached, b) the cytopathogenic effect was progressive, and c) virus was produced and released continuously from a cell culture that was in an advanced stage of necrosis.
Behavior of virus prepared in tissue culture. A fifth passage tissue culture seed was compared with the chicken embryo seed preparation with respect to their growth curves in L cells and their virulence for mice as judged by the intraperitoneal and intracerebral titers and by the signs and patterns of death in the animals. The 5th passage tissue culture material which was selected for study consisted of disrupted cells and supernatant fluid samples. The results of this experiment showed the following: a) there were no significant differences between the growth curve and cytopathology produced in L cells by the 5th passage virus seed and that of the egg seed; and b) there were no differences in mouse virulence.
DISCUSSION
The kinetics of Venezuelan equine encephalomyelitis virus growth has been studied in monolayer cultures of L cells, a line originally derived from a single cell (Sanford et al., 1948) . The growth curve was characterized by a latent phase of 3½ to 4 hr, an accelerated (exponential) growth phase of 8 to 12 hr, and a constant growth phase of about 46 to 50 hr. The rate of new virus appearing in the supernatant fluid during the constant growth phase appeared to be equivalent to the rate detected at the end of the accelerated growth phase. The long continuous growth and release of virus in the last growth phase was first surmised by comparing the constant amount of supernatant virus with the virus inactivation rate in a cell-free medium at 37 C, and was then proved directly by measuring the appearance of large quantities of new virus which followed a thorough washing of the culture.
The observation of an extended phase of constant virus growth and release led to the 25 on November 13, 2017 by guest http://jb.asm.org/ Downloaded from HARDY AND BROWN demonstration that on removal and renewal of the medium five separate times, a single culture was capable of producing virus to peak titer at each renewal; this provides the basis for an efficient method for the production of vaccines for those viruses showing an extended constant growth phase (e.g., influenza virus (Henle, Liu, and Finter, 1954) , western equine encephalomyelitis virus (Rubin et al., 1955) . The data from this same experiment indicated that the average L cell was potentially capable of yielding greater than 104.0 LD5o of virus. In bacteriophagebacterial systems or in the poliovirus-monkey kidney culture svstem (Lwoff et al., 1955 , Youngner, 1956 where the phase of virus release is relatively short and the virus is stable, it is a simple matter to determine the total infectious virus yield per cell. With most other viruses, such determinations have not been made. The data with Venezuelan equine encephalomyelitis virus and L cells offer only a rough approximation of what the average L cell is potentially capable of producing; the value is perhaps surprisingly high compared to others, but is reasonable considering the duration of time during which the cell is continuously producing virus.
The cytopathology which occurred in the cultures as a result of virus multiplication was a gradual process in which overt effects were not observed until about the middle of the constant growth phase. It is noteworthy that large quantities of virus were produced even when the culture was in an advanced stage of necrosis. It would be of some interest to determine with finer techniques than were used here (e.g., fluorescent microscopy) whether the involvement of the cell nucleus in the cellular degeneration that was observed is directly related to the presence of virus in this organelle, or whether it is an indirect result of virus induced changes in the cytoplasm.
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SUMMARY
The growth of Venezuelan equine encephalomyelitis virus in monolayer cultures of L cells was characterized by a latent phase of 3 to 4 hr, an active accelerated (exponential) growth phase of 8 to 12 hr, and a phase of constant growth and release of about 46 to 50 hr. The average L cell was capable of producing greater than 104 LD5o of virus; this permitted at least 5 volumes of fluid to be collected from a single culture which contained peak concentrations of virus.
The cytopathology induced by the virus in L cells became evident about 12 to 24 hr after peak titers were reached, or about the middle of the phase of constant growth and release, and steadily progressed until the end of that phase. During this time the cell culture was still capable of producing nearly peak titers of virus.
Cytopathology manifested itself as a slight rounding-up of cells about 12 hr after the peak titer was obtained. During each additional 12-hr period of incubation, progressive changes in the culture occurred, including a decrease in the staining intensities of the nuclear membrane and cytoplasm, cytoplasmic vacuolation, nuclear pycnosis, and an increased accumulation of cellular debris.
